Introduction
The internal combustion (IC) engine remains the powertrain of major choice for road transport applications globally [1] [2] [3] . Concerning the energy balance of IC engines, up to 55% of the input energy is lost to the environment through the exhaust and various heat exchange processes between the engine structure, charge air and lubricating oil [4, 5] . Therefore, recovering this waste heat and converting it to useful work is an obvious method of improving the overall efficiency of the combustion engine [6, 7] . However, although the quantity of energy available for recovery is significant, the quality of much of the available thermal energy is low [8] . Fig. 1 shows the energy balance for a typical heavy duty diesel engine, of the type installed in a commercial vehicle. It can be seen that about 1/3 of the total energy is emitted out through the exhaust system and more than 20% is emitted out through the cooling system. Table 1 presents the typical quantities and qualities of available heat relative to ambient conditions (15°C) normalised by the break power of the engine based on a 12.8 l Euro 6 engine described in [9] . From the table it is apparent that the heat from the vehicle cooling system and charge air cooler is of insufficient quality to merit effective recovery. As such, only heat from the exhaust will be considered.
Today, the thermal energy rejected to the environment from the vehicle exhaust can be recovered by a range of methods including:
Expansion of hot exhaust gases through turbo-compounding [10] . Recovery of heat through thermo-electric generation [11] . Recovery of heat through a separate Rankine/organic Rankine cycle loop [12] [13] [14] .
These and other methods were reviewed by Sprouse and Depcik [15] and the merits and de-merits for vehicle applications were thoroughly discussed. The review indicated that these approaches have a common feature when they are applied for IC engine waste heat recovery in that an additional energy conversion facility, such as a turbine, an expander or a thermo-electric generator (TEG) is normally to convert the thermal energy into the dynamic energy or electricity. Such a feature leads to a poor efficiency when applied on IC engines. For example, Organic Rankine Cycle (ORC), which has been proven to be one of the most effective solutions for engine waste heat recovery [16] , will only provide a 3-6% engine efficiency improvement on a practical heavy duty diesel engine. This is mainly because of the mismatch of the working fluid and the highly variable exhaust temperature conditions. For the turbocompounding system, the exhaust back pressure can be increased when the turbine is installed in the exhaust pipe. Then the waste heat recovery efficiency could be undermined because of the pumping losses and the underutilisation of the exhaust heat. Concerning the TEG system, the thermal efficiency is low because of the ineffective thermal-electrical energy conversion process [17] .
Rather than using an additional system to achieve the energy conversion, directly recovering the thermal energy back into the internal combustion engine cycle, such as in a recuperated Brayton cycle, will potentially offer a higher thermal efficiency and a simpler system [18] . Roux et al. [19] reported that an 8-15% efficiency improvement can be achieved when the recuperation is applied in a Brayton cycle based gas turbine. However, a further efficiency improvement is difficult to achieve since the temperature difference between the after-compression and the after-expansion temperature of the working fluid is normally small and the amount of the recuperated heat is reduced [20] .
Recently, the isothermal compression technique was extensively investigated by several academic/research groups [21, 22] . Isothermal compression has the potential to reduce the aftercompression temperature of the working fluid. By injecting the coolant media (such as liquid nitrogen or water) into the working fluid, the temperature of the compressed working fluid can be decreased significantly, much lower than the after-expansion temperature of the working fluid. Accordingly, the amount of the recuperated heat will increase.
Applying the isothermal compression on the Diesel engines, the concept of intra-cycle waste heat recovery (ICWHR) is developed in the present work. Through a split cycle engine structure design, the compression and expansion processes are conducted in separate chambers [21, 23] , and then a heat recuperation is achieved through a recuperator installed between the two chambers. Due to the isothermal compression of the charge air, the temperature difference between the compression and expansion chamber is enlarged. Consequently, a significant engine efficiency improvement is achieved.
In this paper, a comparative study between the conventional Rankine cycle based WHR and the above mentioned intra-cycle waste heat recovery is conducted. For the first time, the ICWHR, which potentially leads to a step engine efficiency improvement, is demonstrated. Additionally, the application of a bottoming cycle to a conventional diesel powertrain -or 'combined cycle' is also described. Such an approach has been presented by others [24] , but here, a theoretical analysis is presented together with full cycle simulation to facilitate comparison with other options. A fundamental analysis of the two cycles is presented and compared with the Diesel internal combustion cycle to identify the ultimate potential and sensitivity to the key engine parameters such as compression ratio. Rigorous cycle analysis is then used to determine the practical efficiency of the two cycles, compared to a baseline commercial vehicle diesel engine. The paper concludes with a critical review of the two proposed cycles.
Thermodynamic cycle analysis of the two WHR solutions
The essential mechanism difference between ICWHR system and the conventional combined cycle WHR approach are illustrated in Fig. 2 . As for an engine fitted with a Rankine WHR system, the waste heat in the exhaust flow is recovered by a recuperator, and then converted into mechanical power through the expansion of the working fluid in the turbine. Hence, the acquired power from the waste heat is decided by: (1) the heat recuperating efficiency of the heat exchanger g he and (2) the energy converting efficiency of the Rankine cycle g cov . Constrained by the working fluid properties and the components performance, the g r value is normally low.
However, the engine with ICWHR system has separate compression and combustion cylinders. Through a recuperator between the two chambers, waste heat can be recovered and transferred back to the combustion cylinder directly. Quasi-isothermal compression of the charge air in the compression cylinder increases the temperature difference between the compression cylinder discharge and exhaust gas. Exhaust heat is therefore more effectively recovered within the cycle. A detail description of the two WHR methods will be discussed in the following sub-sections.
Theoretical process of the ICWHR thermodynamic cycles
The split cycle engine differs from a conventional engine in that the compression and combustion processes occur in different cylinders. The basic thermodynamic of the split cycle were comprehensively described by Dong et al. [25] . The system structure and the T-S operating diagram are presented in Fig. 3a and b respectively. The stages of the cycle are as follows:
1-2
0 quasi isothermal compression in the charge air in a compression cylinder. 2 0 -2 intra cylinder recuperation, recovering exhaust heat. 2-3 heat addition at constant pressure in the combustion cylinder. 3-4 adiabatic expansion, recovering work in the combustion cylinder.
The isothermal compression process can be readily achieved through the injection of water droplets during the compression stroke [22] . Through the heat transfer between the intake air and the water spray droplets, the air temperature at the end of the compression stage can be decreased. Accordingly, the inlet temperature of the recuperator will be much lower and the recuperation efficiency improved. The temperature of the T 0 2 -T 4 can be calculated based on each thermodynamic process and expressed as:
Accordingly, the thermal efficiency of split cycle can be described as:
Here, T 1 is the initial temperature of intake air, and the specific heat ratio of air is a constant K. The compression ratio and expansion ratio are CR and ER respectively. The parameter C (0 6 C 6 1) is the isothermal index which represents the deviation of the compression process towards an isothermal process. Normally the value of C is 0 when the compression process is an isothermal process. The compression tends to the adiabatic case when C is closer to 1. The recuperation effectiveness d (0 6 d 6 1) represents the recuperating efficiency. The Q REJC and Q REJE are the heat rejected during the compression and expansion stroke respectively. The detail of the above thermodynamic analysis can be found in reference paper [25] . The efficiency of split cycle engine is determined by 4 key factors; the compression/expansion ratio, the recuperation effectiveness and the heat release amount from the fuel. This is different from the ideal engine efficiency, which is dominated by the compression ratio alone. In the following section, the influencing mechanism of these factors will be discussed. Based on the analysis result, the system design principles of split cycle engine will be studied.
Theoretical analysis of the maximum efficiency of the combined cycle
The combined cycle concept consists of a conventional diesel engine combined with a Rankine cycle to recover waste heat. As such, the impact of waste heat recovery on the system efficiency can first be determined by considering the Rankine cycle in isolation. Referring to Fig. 4 , the maximum work that can be recovered from two temperature sources is defined by the Carnot cycle limits. However, in the case of waste heat recovery from a vehicle exhaust system, the heat source is finite and will vary through the recovery process. As such, the trilateral cycle provides a more realistic assessment of the ultimate efficiency of the Rankine part of the combined cycle, described by Eq. (3) [24] .
The source temperature can be determined using constant pressure air standard cycle analysis [26] , relating the compression ratio and heat addition, based on the lower heating value:
Combining Eqs. (3) and (4), it can be achieved that:
The maximum efficiency of the combined cycle therefore depends on the compression ratio of the engine and heat addition. The 
maximum efficiencies of the combined and split cycle engines are compared with the conventional Brayton cycle. As shown in Table 2 , the efficiency of the internal combustion engine can be expressed as a function of the compression ratio (CR) and ratio of the specific heats (k):
Inspection of Eq. (6) shows the limiting efficiency of the Brayton cycle is dependent on the compression ratio only since the working fluid of the engine is air. For the split cycle and combined cycle, the recuperator effectiveness d has an important role in the cycle efficiency. The difference is the expansion ratio, which will not affect the maximum heat recovery efficiency (HRmax) of the combined cycle. However, both the expansion ratio and the isothermal index C are crucial for the split cycle since the amount of recovered heat of this kind of engine is bounded to the engine intake air and exhaust temperature. The ideal Brayton, practical split cycle and combined cycles, are compared in Table 2 . As mentioned in the above analysis, the maximum heat recovery efficiency of the combined cycle only indicates the potential of the engine with Rankine based WHR system. Its practical efficiency will also be strongly affected by the energy converting efficiency of the Rankine cycle g cov. Additionally, the value of g cov is very low due to the practical constraints imposed through the selected working fluid. The selection and design of the working fluid for the Rankine cycle is of considerable research interest. The analysis of the practical Rankine cycle will be analysed in the next section.
The temperature of the exhaust side (represented by T 4 ) and ambient side (represented by T 1 ) are theoretically the same for both the split cycle and combined cycle engine. However, the ideal cycle efficiency can be significantly different for the two cycles. Giving a fixed condition of Q LH = 1700 J/cycle and d = 0.88, the efficiency difference of the cycles under different CR conditions is shown in Fig. 5(a) . Here an iso-thermal index C of 0.87 is used for the split cycle analysis. It can be seen that the efficiency of both these two cycles are much higher than that of Brayton cycle. However, the efficiency of the split cycle is slightly higher, especially under lower CR conditions. To illustrate such a result, a temperature-entropy analysis is shown in Fig. 5(b) . The figure clearly shows that the application of intra-cycle recuperation will affect the original engine operating parameters. The recuperated heat enables an increment of the temperature T 2 in the split cycle case, and then makes it higher than that in combined cycle case. As a result, the whole cycle efficiency of the split cycle becomes higher.
The figure also shows that the efficiency of the split cycle can be improved when a suitable over expansion ratio is applied on the split cycle engine.
The above analysis indicates the potential of both split cycle and combined cycle is higher than the conventional Brayton cycle. The efficiency variations of the split cycle and combine cycle under different d and CR conditions are shown in Fig. 6(a) and (b) respectively. It can be seen that the overall efficiency of split cycle is noticeable higher, especially under low CR conditions. Also, it can be seen that the efficiency of split cycle benefits more from the increment of recuperation effectiveness value d. However, the practical efficiency of split cycle is much closer to the theoretical result comparing to the combined cycle because the energy conversion efficiency g cov of Rankine cycle is relatively low. The detail analysis of the practical efficiencies of these two WHR systems will be discussed in the following section.
Performance analysis of intra-cycle based and combined cycle based WHR methodology
The theoretical analysis presented in Section 2, although useful in comparing different cycle concepts does not account for the practical losses in implementing the cycle in a heavy goods vehicle. Full cycle analysis is required to assess the full performance potential of the combined and split cycles, compared to a conventional diesel engine.
For comparing the performances of the intra-cycle and combined cycle based WHR systems in detail, a hybrid modelling methodology was applied in this section. The architecture of the modelling work can be seen in Fig. 7 . Through the LMS Imagine. Lab AMESim [27, 28] software, a one-dimensional baseline engine model, and a split cycle engine model were developed. The IFP engine system model in AMEsim is in particular devoted to the development of internal combustion engine models. The detail of the model construction and validation can be seen in reference paper [25] . Furthermore, the Aspen HYSYS [29] software was applied to build the recuperator model for split cycle engine, and the heat exchanger model for combined cycle. The validation of the recuperator/heat exchanger model can be seen in reference paper [23, 25] . Finally, through coupling the AMEsim based engine models and the HYSYS based recuperator/heat exchanger models, the system efficiency of the split cycle and the combined cycle can be compared based on a proposed baseline engine specifications.
The OM471 engine, which was used in previous WHR research [24] , was used as the baseline engine in this paper. The engine is a 12.8-l straight-six engine which achieve the Euro VI emission standard. A map of the exhaust temperature as a function of engine speed and torque is shown in Fig. 8 . The map is calculated through the above one-dimensional model, and the engine model is validated against the experimental results from single cylinder engine testing. This engine utilized a high efficiency SCR for NOx emissions control. The exhaust heat was calculated after the turbine, DPF and SCR components. The exhaust lines were considered non-insulated and a 25°C temperature drop was considered over the after-treatment devices. A representative test point at rated power and nominal torque was selected, as presented in Table 3 . Then the system efficiencies of the ICWHR and the combined cycle are compared. The specifications of the baseline engine and the split cycle engine, along with the configurations of the combined cycle WHR system, are shown in Table 3 as well. For the split cycle engine, 3 cylinders of the total 6 are modified for isothermal compressor, and the other 3 are designed as combustors. In the isothermal compressors, water was used as the cooling media to control the air temperature during the compression process. For the recuperator between the compressor and combustor, the exhaust was inlet in the opposite direction of the intake fresh air to maximum the recuperation efficiency.
For the combined cycle, the selection of a suitable working fluid is the first and the most important step in maximising the system performance. Previous study indicate that the organic working fluid for vehicle WHR system normally favour of a heat source quality of <400°C due to molecular weight, thermal decomposition and heat transfer irreversibility considerations. For the nonorganic working fluids like water, a heat source quality >500°C is needed due to the large latent heat [30] . To meet the complex requirements for automotive applications, binary water blends may present an alternative avenue. As a result, a binary water blend with 50% water and 50% ethanol blend was selected to reach the maximum efficiency of the combined cycle, and then the configurations of the sub-components were set accordingly.
Based on the above modelling configurations and parameter selections, a comparison of combined cycle and an intra-cycle based waste heat recovery methodology becomes possible based on the practical engine operation conditions.
3.1.
Comparison of the heat recuperating efficiency g he from the two systems As discussed in Section 2, the total efficiency of a combined cycle WHR system is decided by; (1) the heat recuperating efficiency of the heat exchanger g he and (2) the energy converting efficiency of the combined cycle g cov . For both a split cycle engine and the combined cycle, the waste heat are harvested with the same mechanism; heat transfer between exhaust flow and working fluid within the recuperator/evaporator system. For the split cycle engine, the working fluid is the compressed intake air in the recuperator, thus the intake air mass flow rate and the heat recuperation performance will vary under different engine operating conditions. Fig. 9(a) shows the one dimensional temperature distributions of the exhaust flow and the intake air in the recuperator calculated for the split cycle engine. It can be seen that the exhaust temperature increases when a lower compression ratio (CR) is applied. However, the corresponding temperature increase of the intake air is not as high as for the exhaust temperature. The modelling results shown in this figure indicate that the exhaust/intake air temperature difference is increased under low CR conditions, and then the recuperation performance becomes poorer accordingly.
Maintaining the compression ratio at the original value of 17, the one dimensional temperature distribution within the evaporator applied in combined cycle is shown in Fig. 9(b) . Within the evaporator, the compressed water/ethanol mixture is evaporated and the mixture outlet temperature increased to 583 K and the exhaust flow was cool down to 381 K, which is slightly lower than the case on split cycle engine (423 K@CR = 17). The recuperator outlet temperature is therefore much lower comparing to the cases on split cycle engine.
Normally for a recuperator/heat exchanger, a recuperation effectiveness d can be defined to evaluate the heat recovery efficiency [25] , as:
Here, T ExhI is the inlet temperature of the heat source flow, T WFI and T WFO are the inlet and outlet temperature of the working fluid respectively. Due to the large latent heat of evaporation and heat capacity of the water/ethanol mixture, the working fluid outlet temperature of the evaporator is relatively low comparing to that on split cycle engine. Based on the definition of d, it can be concluded that the calculated recuperation effectiveness d of the evaporator for the combined cycle is lower than that of the recuperator on the split cycle engine due to the lower working fluid outlet temperature. However, the exhaust flow outlet temperature of the evaporator is 381 K which is comparable to that for split cycle engine cases. This phenomenon indicates that the total amount of heat recovered from the exhaust flow are similar between the case for combined cycle and split cycle.
To evaluate the heat recovery effectiveness of the two cycles for a given value of d, the heat recuperating efficiency -
, was defined for the comparison of the heat recovery process in these two cycles. Here DEth WF is the specific enthalpy increment of the working fluid, and DEth Exh is the specific enthalpy decrement of the exhaust flow _ m wf and _ m Exh are the mass flows of the working fluid and exhaust respectively. Based on the system configurations and parameters listed in Table 3 , the comparison of the percentage of exhaust heat recovered from both the recuperator on split cycle engine and the heat exchanger for combined cycle are compared under different exhaust inlet temperature conditions. As can be seen in Fig. 10 , the recovered heat from the evaporator is about 5% higher than the recuperator when the exhaust temperature T exh is 949 K (CR = 17), however these two values converge when T exh decreases. This analysis indicates that the heat recuperating efficiency g h of the evaporator for combined cycle can be slightly higher than that of the recuperator for split cycle engine given the same exhaust flow conditions. Table 3 Specifications of the baseline engine, the split cycle engine and the combined cycle WHR system.
Base engine specifications
Cylinder g pump = 60% g transmission = 93%
Air condensed temperature T coolant air = 50°C Fig. 9 . The one-dimensional temperature distribution in (a) recuperator (for split cycle) and (b) heat exchanger (for Rankine cycle).
Comparison of the energy converting efficiency g cov of the two systems
Assuming a fixed heat recuperating efficiency g he , the discussion in Section 2 indicates that the final thermal efficiency of a heat recovery system is decided by the energy converting process which convert the recovered heat to the work output. Thus, the energy converting efficiency g cov of split cycle and Rankine cycle is compared in this section. Keeping the compression ratio CR = 17, the T-S operating diagrams of both split cycle and combined cycle are shown in Fig. 11(a) and (b) respectively. On the split cycle engine, the compressed intake air acts as the thermal media to absorb the heat from the exhaust flow. In the quasi-isothermal compression process, the intake is mixed with the injected water in the compression cylinder. The water temperature can be kept close to ambient temperature by the rejection of heat to the environment post recovery and pre injection to the compressor cylinder. Hence the intake air temperature increases only slightly from 303 K to 343 K during the compression process, and then was heated up to 752 K in the recuperator, as can be seen in Fig. 11(a) . After the heat recuperation process, the heated high pressure air was induced into the combustion chamber, which then triggers the auto ignition of the air-fuel mixtures. On the T-S diagram, the area between the compression line and the heat recuperation line represents the recovered energy from the exhaust. According to the definition of the Carnot cycle thermal efficiency:
can be deduced that the energy converting efficiency g cov of split cycle is decided by the average intake air temperature during the compression process which represent the T L , and the average temperature during the recuperation process which represent the T H . The calculation result base on the above T-S diagram shows that the g cov of split cycle is 52%.
Keeping the same condition of CR = 17, the T-S diagram of the combined cycle is shown in Fig. 11(b) . In the combined cycle, the working fluid is the mixture of water and ethanol with the identical mass friction of 50%. A maximum cycle pressure of 58 bar was considered optimal, since this corresponded to a pressure ratio in a two-stage expansion machine that can be achieved by both piston expanders and radial turbines [24, 31] . The analysis in Section 3.1 indicated that the heat recuperating efficiency g he for combined cycle is 5% higher than that of the split cycle under this condition. However, due to the latent heat during the liquidgas phase transition process and the high specific heat capacity of the working fluid, the final working fluid temperature of the combined cycle is 543 K, which is much lower than the split cycle case. On the other hand, to guarantee the working fluid is kept in the gas phase after the expansion process in the turbine, and to reduce the waste recovery system cost, the working fluid temperature is cooled down to 365 K by the engine coolant water in the condenser. According to the Carnot cycle based thermal efficiency analysis mentioned above, it can be calculated that the energy conversion efficiency g cov of combined cycle is 12.1% which is much lower than the case on split cycle engine. 
Full cycle thermal efficiency comparison between the two systems
As introduced in Section 2, the Rankine cycle based WHR system is a kind of passive WHR system. Thus, it can be assumed that the diesel engine efficiency will not be significantly affected by the WHR system [32] . However, for the split cycle engine it is different. As a stage of the whole thermodynamic cycle, the waste heat recuperation process occurs between the intake air compression stage and the mixture combustion stage on the split cycle engine. Obviously, the isothermal compression, the heat recuperation and the combustion process are interdependent. The isothermal compression and heat recuperation processes of the split cycle engine were illustrated on the T-S diagram in Section 3.2. However, the detail of the combustion process of it is not described. Fig. 12 shows the incylinder combustion pressure and temperature variations of both the split cycle engine and the original diesel engine.
On split cycle engine, the combustion occurs in the combustion cylinder chamber. After the heat recuperation, the heated intake air was induced into the combustion chamber close to top dead center. As a result, a sharp pressure rise can be seen when the intake valve is open, and the pressure fluctuations can be observed as well due to the high intake velocity. Due to the air induction process, the fuel injection timing on the split cycle engine is slightly delayed comparing to the diesel engine. Correspondingly, a nearly isobaric combustion process appears on this engine.
Due to the isothermal compression, it can be seen that the intake temperature of the split cycle engine is lower than the diesel case at the TDC position even if it is heated by the exhaust gas in the recuperator. So the in-cylinder combustion temperature will be lower than the diesel case as well. Such a low in-cylinder temperature leads to a low heat transfer losses in the combustion chamber. Since the isothermal compression is achieved by the water pumping and injection system, a 3.2 kW extra power in consumed in this system, which leads to a 0.8% thermal efficiency losses.
Based on the above analysis of the heat recuperation process and engine combustion process, the system thermal efficiency can be achieved for both split cycle and combined cycle. Fig. 13 demonstrates the energy distributions under the cases of original diesel engine, the split cycle and the combined cycle. The application of the recuperator/heat exchanger system leads to a slight increase of the exhaust back pressure, and then an extra energy losses can be seen in both the combined cycle and split cycle cases (0.5% thermal efficiency losses in combined cycle, and 0.77% efficiency losses in split cycle case). However, the system efficiency still improved through the application of these two thermodynamic cycles. Comparing to the original diesel engine with an indicated thermal efficiency of g th = 40.4%, the g th of combined cycle is increased to 44.2%, which demonstrate a 3.8% efficiency improvement through the Rankine cycle based WHR system (combined cycle). However, the split cycle based intra-cycle WHR method yielding a system thermal efficiency of 52.2%, which is much higher than that of the combined cycle.
Conclusions
A comparison study on the ICWHR system, which achieved through a novel split thermodynamic cycle design, and the conventional Rankine cycle based WHR technology (combined cycle) is conducted in this paper. Through both the theoretical and the numerical analysis, 5 major findings are achieved as follows:
(1) The theoretical analysis indicate that the upper limits of efficiency of both the split cycle and combined cycle are about 20% higher than the conventional diesel cycle. The overall efficiency of split cycle is slightly higher comparing to that of combined cycle, especially under low compression ratio conditions. (2) Due to the large evaporation latent heat and heat capacity of water/ethanol mixture, the maximum working fluid temperature of the combined cycle is much lower comparing to that on split cycle engine. However, the heat recuperating efficiency g he of combined cycle is 5% higher than that of the split cycle when the exhaust temperature T exh is 949 K (CR = 17). These two values get closer when T exh decreases. (3) To guarantee the working fluid keeps in gas phase after the expansion process in the turbine, and to reduce the waste recovery system cost, the working fluid temperature is cooled down to 365 K for combined cycle case, which is much higher than that in split cycle. According to the Carnot cycle based thermal efficiency analysis, the energy conversion efficiency g cov of the combined cycle is 12.1%, which is much lower than the case on split cycle engine. (4) Due to the isothermal compression, the intake temperature of a split cycle engine is lower than the original diesel engine even it is heated by the exhaust gas in the recuperator. So the in-cylinder combustion temperature will be lower than the diesel case as well. Such a low in-cylinder temperature leads to a low heat transfer losses during the combustion process. (5) Based on the above analysis of the heat recuperation process and engine combustion process, the system efficiencies of the combined cycle and the split cycle are achieved. The indicated thermal efficiency g th of combined cycle is increased to 44.2%, which demonstrate a 3.8% efficiency improvement comparing to the original diesel cycle. However, the split cycle based intra-cycle WHR method yielding a system thermal efficiency of 52.2%, which is much higher than that of the combined cycle.
